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Abstract:  
 
Raman spectroscopy complimented with supplementary infrared spectroscopy has 
been used to characterise a synthetic nickel substituted aurichalcite a zinc/nickel 
hydroxy carbonate, (Zn2+,Cu2+,Ni2+ )5(CO3)2(OH)6. XRD patterns show high 
orientation and indicate the presence of some minor impurities.  The diffraction 
patterns for the Ni-aurichalcite are well correlated with the standard reference 
patterns.   EDAX analyses indicate variations in chemical composition of Zn/Ni ratios 
of ~20:1.  The symmetry of the carbonate anion in aurichalcite is Cs and is 
composition dependent. This symmetry reduction results in multiple bands in both the 
symmetric stretching and bending regions. The intense band for the Ni-aurichalcite at 
1070 cm-1 is assigned to the ν1 (CO3)2- symmetric stretching mode. Three Raman 
bands assigned to the ν3 (CO3)2- antisymmetric stretching modes are observed for Ni-
aurichalcite at 1372, 1480 and 1543 cm-1.  Multiple Raman bands are observed in the 
region from 800 to 850 cm-1 and 720 to 750 cm-1 regions and are attributed to ν2 and 
ν4 bending modes confirming the reduction of the carbonate anion symmetry in the 
aurichalcite structure. This research proves that nickel containging aurichalcites can 
be synthesised in the laboratory thus mimicing the natural nickel containing 
aurichalcites. 
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Introduction 
 
The mineral aurichalcite (Zn,Cu2+)5(CO3)2(OH)6 is one of a large number of 
highly coloured copper bearing minerals [1-3]. Aurichalcite forms in the oxidation 
zones of zinc-copper deposits. If the deposits contain nickel then an aurichalcite 
containing some nickel may be produced. A formula such as 
(Zn,Ni2+,Cu2+)5(CO3)2(OH)6 is probable. It is noted that a nickel analogue of rosasite 
named glaukospaherite has been determined and provides an indication of Cu-Ni 
sulphide mineralisastion [4].  Crystals of aurchalcite are normally acicular and fibrous 
and often found in aggregates. If other cations such as Ni2+ are present then these 
cations may be incorporated into the aurichalcite. It appears that aurichalcite is similar 
to hydrozincite and both minerals are formed under similar conditions when copper is 
present in the solution [5]. Williams further states that up to one quarter of the cation 
sites are occupied by Cu2+. Greater concentrations of copper give rise to other discrete 
phases such as malachite Cu22+(CO3)(OH)2 and rosasite (Zn2+,Cu2+)2(CO3)(OH)2. 
Interestingly the range of substitution of other transition metal ions in the hydrozincite 
lattice is very limited. The minerals in the hydroxy carbonate group have been 
synthesised because of their potential as catalysts [2]. Further studies of synthetic 
hydroxy carbonates incorporated Al3+ into the structures [6]. The mineral is 
monoclinic as are many of the other hydroxy carbonates.  Anthony et al. (2003) 
reports aurichalcite to be acicular to lathlike crystals with prominent crystal growth 
along the [010] axis, commonly striated parallel to [001] axis. The mineral is of point 
group 2/m and space group P21/m [7].   The accurate X-ray crystallography of 
aurichalcite is difficult to obtain because of its very small interwoven needles which 
makes obtaing single crystal studies difficult [3, 7-9].  Harding showed the positions 
of Cu in the structure of aurichalcite are octahedrally coordinated [9]. The atom 
positions occupied by zinc have tetrahedral coordination [9].   
 
Raman spectroscopy has proven very useful for the study of minerals [10-12]. 
Indeed Raman spectroscopy has proven most useful for the study of diagentically 
related minerals as often occurs with carbonate minerals [13-17].  Some previous 
studies have been undertaken by the authors using Raman spectroscopy to study 
complex secondary minerals formed by crystallisation from concentrated sulphate 
solutions [18].  The authors have undertaken some comprehenisve studies of selected 
carbonate minerals [19-23].  The importance of this work rests with the application of 
Raman spectroscopy to the study of minerals and inorganic compounds which show 
no or limited symmetry [19, 24-31].  
 
As part of our comprehensive research on the molecular structure of secondary 
minerals, we report the synthesis and characterisation of Ni doped aurichalcite  
(Zn2+,Cu2+,Ni2+ )5(CO3)2(OH)6 using Raman spectroscopy and X-ray diffraction. 
 
Experimental 
 
Synthesis of Ni containing aurichalcite 
 
The mineral (Cu,Zn,Ni2+)5(CO3)2(OH)6  was synthesised with a respective 
metal ratio of 3:16:1. Williams inferred from studies of natural aurichalcite minerals 
that the highest ratio of Cu to Zn in aurichalcite is 1:3 [5] The authors have 
successfully synthessied aurichalcites with varying Cu/Zn ratios up to Cu:Zn 1:1. A 
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common formula for natural aurichalcite is Cu1.25Zn3.75(CO3)2(OH)6.  Williams also 
reported a natural aurichalcite which contained Ni as the dopant ion.  
 
Synthesis of ideal products was modelled on the procedure by Fujita et al. 
[32].  A solution of metal ions (M2+) was prepared by mixing appropriate 
concentrations of 1.5M Ni(NO3)2, Cu(NO3)2, and Zn(NO3)2 that correspond to the 
desired metal concentrations required in products. Synthesis of the lower nickel 
concentrations of aurichalcite was carried out by adding dropwise 100cm3 of a 1.5M 
M2+ solution via a peristaltic pump to 1000cm3 of 0.2M HCO3- solution at 60°C. The 
relatively sensitive nature of aurichalcite to acidic (pH<6) conditions precluded the 
use of the depleting methods mentioned in the literature [33] in order to obtain 
optimum yields of high phase purity Ni containing aurichalcite. As such, a stream of 
saturated sodium bicarbonate was added at a quasi-constant rate in order to maintain a 
pH ≈ 7.15. Samples were vacuum filtered and washed with hot, degassed, 
demineralised water. Samples were then dried overnight at 40°C.  The samples were 
phase analysed by X-ray diffraction and for chemical composition by EDX 
measurements.  
 
X-ray Diffraction 
 
 Powder X-Ray Diffraction analyses were performed on a Phillips X-
Ray diffractometer (radius: 173.0 mm).  Incident X-ray radiation was produced from a 
long fine focused C-Tech PW1050 Co X-ray tube, operating at 40 kV and 32 mA. 
The incident beam passed through a 1 ° divergence slit, a 15 mm fixed mask and a 1 ° 
fixed anti scatter slit.  After interaction with the sample, the diffracted beam was 
detected by a proportional detector with a 0.2mm receiving slit fitted to a graphite 
post-diffraction monochrometer.  The detector was set in scanning mode, with an 
active length of 2.022 mm.  Samples were analysed utilising Bragg-Brentano 
geometry over a range of 3 – 75 ° 2θ with a step size of 0.02 ° 2θ, with each step 
measured for 200 seconds.  
 
SEM and EDX 
 
 Mineral samples were coated with a thin layer of evaporated carbon and 
secondary electron images were obtained using an scanning electron microscope (FEI 
Quanta 200 SEM, FEI Company, Hillsboro, Oregon, USA). For X-ray microanalysis 
(EDX), three samples were embedded in Araldite resin and polished with diamond 
paste on Lamplan 450 polishing cloth using water as a lubricant. The samples were 
coated with a thin layer of evaporated carbon for conduction and examined in a JEOL 
840A analytical SEM (JEOL Ltd, Tokyo, Japan) at 25kV accelerating voltage. 
Preliminary analyses of the carbonate mineral samples were carried out on the FEI 
Quanta SEM using an EDAX X-ray microanalyser, and microanalyses of the clusters 
of fine crystals were carried out using a full standards quantitative procedure on the 
JEOL 840 SEM using a JEOL-2300 energy-dispersive X-ray microanalysis system 
(JEOL Ltd, Tokyo, Japan). Oxygen was not measured directly but was calculated 
using assumed stoichiometry to the other elements analysed. 
 
Raman microprobe spectroscopy 
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The crystals of aurichalcite were placed and oriented on the stage of an 
Olympus BHSM microscope, equipped with 10x and 50x objectives and part of a 
Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a Charge Coupled Device (CCD). Raman spectra were excited by a 
HeNe laser (633 nm) at a resolution of 2 cm-1 in the range between 100 and 4000  
cm-1.  Repeated acquisition using the highest magnification was accumulated to 
improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of 
a silicon wafer. In order to ensure that the correct spectra are obtained, the incident 
excitation radiation was scrambled.    Details of the technique have been published by 
the authors. 
Mid-IR spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a 
smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm-1 
range were obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a 
mirror velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise 
ratio. 
      Spectral manipulation such as baseline adjustment, smoothing and normalisation 
were performed using the Spectracalc software package GRAMS (Galactic Industries 
Corporation, NH, USA). Band component analysis was undertaken using the Jandel 
Scientific ‘Peakfit’ software package which enabled the type of fitting function to be 
selected and allows specific parameters to be fixed or varied accordingly. Band fitting 
was done using a Lorentz-Gauss cross-product function with the minimum number of 
component bands used for the fitting process. The Gauss-Lorentz ratio was 
maintained at values greater than 0.7 and fitting was undertaken until reproducible 
results were obtained with squared correlations of r2 greater than 0.995. The reason 
for using this type of mathematical function is that this function best fits vibrational 
spectroscopic data where the central peak is Lorentzian and the wings of the peak are 
Gaussian.  It should be noted that where sharp bands are obtained in the Raman 
spectra fitting is unique. If one starts with different starting parameters, then the fit 
will converge to a unique result. When bands are broad the uniqueness of the fit is 
open to question. Band fitting offers a procedure to determine the exact position of 
bands.  
 
Results and discussion 
 
X-ray diffraction 
 
 The X-ray diffraction patterns of the Ni-aurichalcite together with the 
reference standard 00-038-0154 are shown in Figure 1.   Clearly the synthesised 
mineral is aurichalcite. From the X-Ray diffraction data, that the diffraction data 
matches so closely with (Cu0.2Zn 0.8)5(CO3)2(OH)6 we can safely assume that the Ni 
replaces some of the octahedral sites in the crystal structure. At some stage in the 
future it might be worth another look to see if more nickel can be introduced into the 
aurichalcite structure by altering the synthesis conditions slightly. The additional 
peaks in the XRD patterns may be due to the trace of carbonates of zinc and copper.  
 
Raman Spectroscopy 
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Only a very limited number of Raman studies have been reported on the 
carbonate anion in hydroxycarbonate  type minerals such as hydrozincite and 
aurichalcite [1, 34-39].  When the carbonate species is present as a free ion not 
involved in any bonding it will exhibit a space group of D3h. In the Raman spectrum 
one will observe ν1(A’1), ν3(E’) and ν4(E’).  As a result three bands, the bending non-
planar mode ν2(A”2), the anti-symmetrical stretching mode ν3(E’) and the bending 
angular mode ν4(E’), will be observed in the infrared spectrum around 880, 1415 and 
680 cm-1, while the symmetric stretching mode ν1(A’1) is infrared inactive. However, 
changes can be expected when the carbonate ion is bonded in a mineral structure as it 
will be affected by interactions with water molecules and OH-groups.  In comparison 
with free CO32- a shift towards lower wavenumbers is generally observed for the 
carbonate anion in minerals. Interaction between interlayer water molecules and the 
carbonate ion is reflected by the presence of bands in the OH-stretching region of the 
infrared spectrum around 3000-3100 cm-1.  The shift towards lower wavenumbers 
indicates a loss of freedom compared to free CO32- and as a consequence a lowering 
of the carbonate symmetry from D3h to probably C2s or Cv. 
 
 The Raman spectrum  of the Ni-aurichalcite is shown in Figure 2.  An intense 
band at 1070 cm-1 is assigned to the ν1 symmetric stretching mode of the carbonate 
unit.  The band displays some asymmetry on the low wavenumber side of this peak. 
In the Raman spectrum of natural aurichalcite two bands were observed at 1060 and 
1070 cm-1. The former band was attributed to the Raman activated δ OH deformation 
mode. It is possible that for the Ni-aurichalcite the two bands overlap and cannot be 
resolved. Little information on the Raman spectra of aurichalcite is available. 
Bouchard and Smith published a Raman spectrum of an aurichalcite of unknown 
origin with an intense peak observed at 1074 cm-1 [40].  In the infrared spectrum of 
the synthesised Ni-aurichalcite (Figure 3) a low intensity band is resolved at 1049  
cm-1 whcih may be the infrared activated band equivalent to the Raman ν1 symmetric 
stretching mode.  In the infrared spectrum of natural aurichalcite, a low intensity band 
is observed at around 1084 cm-1 as a shoulder on a infrared spectral profile which is 
dominated by bands at 1032 cm-1 attributed to the δ OH deformation mode. The 
number of bands observed in this spectral region may be attributed to the structural 
distortion of the mineral.  Raman spectra of aurichalcite should be similar to that of 
the other hydroxy carbonates such as the rosasite mineral group [19, 20, 28, 41]. For 
rosasite two intense Raman bands were observed at 1096 and 1056 cm-1.  In the 
infrared spectrum of an aurichalcite from Arizona two intense bands are observed at 
1084 and 1029 cm-1 with an additional band at 924 cm-1. The first band at 1084 cm-1 
is assigned to the ν1 symmetric stretching mode of the carbonate unit.  Bands have 
been observed in the infrared spectra of malachite at 1095 cm-1 and for azurite 1090 
cm-1 [42, 43].  The infrared spectrum of hydrocerrusite showed an intense band at 
1090 cm-1 [44]. Interestingly the (CO3)2- ν1 band of the aurichalcite mineral should 
not be infrared active. However because of symmetry reduction of the carbonate 
anion the band becomes activated. The intense Raman band observed at 1096 cm-1 for 
rosasite is assigned to the ν1 (CO3)2- symmetric stretching vibration. 
 
 A number of low intensity bands are observed in the 1300 to 1500 cm-1 region 
(Figure 2). Bands are observed at 1372, 1480 and 1543 cm-1 for the Ni-aurichalcite. 
These bands may be ascribed to the ν3 (CO3)2- antisymmetric stretching modes.  Three 
bands are observed for a natural aurichalcite from Durango at 1506, 1485 and 1337 
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cm-1. Two very low intensity bands are additionally observed at 1183 and 1207 cm-1. 
These bands may result from an impurity remainging after the synthesis of the Ni-
aurichalcite.  The broad band at 1671 cm-1 is ascribed to the water bending mode. 
Such a band for water is found at 1625 cm-1. The observation of the band at 1671 cm-1 
significantly higher wavenumber implies the water is very strongly hydrogen bonded 
to the aurichalcite surface.  In the infrared spectrum in the 1200 to 1800 cm-1 region 
shown in Figure 4, intense infrared bands are observed at 1360, 1404, 1482 and 1511 
cm-1.  These bands are attributed to the ν3 (CO3)2- antisymmetric stretching modes of 
the Ni-aurichalcite.  The number of bands in this spectral region is attributed to the 
lack of symmetry of the carbonate anion in the aurichalcite structure. The presence of 
multiple bands indicates the existence of the carbonate ion in more than one 
symmetry i.e. two carbonate units exist which are not crystallographically equivalent.  
In the spectrum reported by Bouchard and Smith two bands were reported at 1511 and 
1479 cm-1. Their spectra showed low signal due to noise, and any low intensity bands 
would not be observed [40].The observation of multiple sets of bands for the synthetic 
Ni-aurichalcite suggests that two different carbonate units are in the Ni-aurichalcite 
structure. A broad band at 1646 cm-1 is assigned to the water bending modes. The low 
intensity of this band suggests the amount of adsorbed water is low. As for the Raman 
spectrum the position of the band is higher than that for water. The question arises as 
to whether water is bonded in the structure of the aurichalcite replacing some of the 
OH units.  
 
The Raman bands in the low wavenumber region for Ni-aurichalcite is shown 
in Figure  5.  The ν2 bending modes for carbonates vary from around 890 to 850 cm-1. 
A single band is observed for Ni-aurichalcite at 855 cm-1 assigned to the ν2 bending 
mode. The band is observed at 860 cm-1 for a natural aurichalcite from Arizona. The 
position of the band for natural aurichalcites appears to vary and probably is a result 
of crystal strain. It is probable that more than one band is observed in this region; 
however the intensity of the band is so low, it makes band fitting difficult.  Multiple 
bands are observed for the carbonate ν4 in phase bending modes in the Raman 
spectrum of Ni-aurichalcite. Two bands are observed at 712 and 748 cm-1.  
A similar result is obtained for natural aurichalcites. For the Durango aurichalcite 
three bands are observed at 752, 733 and 708 cm-1; for the Arizona aurichalcite 748, 
737 and 710 cm-1; and for the Chihuahua aurichalcite 753, 733 and 711 cm-1.  The 
number of bands observed in this spectral region may be attributed to the structural 
distortion of the mineral.  A comparison may be made with other carbonate containing 
minerals. Only a single band at 817 cm-1 is observed in this region for malachite.  The 
infrared spectrum of malachite showed two bands at 879 and 821 cm-1 [42].  This 
infrared spectral region is more complex for azurite with bands observed at 872, 837, 
815 and 796 cm-1.  This complexity is again ascribed to the loss of degeneracy.  The 
equivalent Raman bands for malachite are observed at 752 and 717 cm-1.  In the 
infrared spectra bands are observed at 779, 754 and 701 cm-1 for azurite and at 780, 
750 and 715 cm-1 for malachite [42].   
 
The Raman spectra of the low wavenumber region reported in Figure 5 are 
expected to show bands associated with CuO and ZnO stretching and bending 
vibrations. Strong Raman bands for Ni-aurichalcite are observed at 378, 462 and 508 
cm-1.  Strong bands are observed for auricahlcite at around 498, 460 and 390 cm-1.  
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In the structure reported by the authors [28], there are three structurally 
distinct MO stretching vibrations. The M3 site is a solely Zn site. The M1, M2 and 
M4 sites are shared randomly between Cu and Zn [45]. The above bands are 
associated with these CuO and ZnO stretching modes.  Bouchard and Smith (2003) 
reported Raman bands at 389, 463 and 503 cm-1 which are in agreement with the band 
positions reported here for Ni-aurchalcite; however no assignments were offered by 
Bouchard and Smith. The number of bands observed in this spectral region may be 
attributed to the structural distortion of the mineral. In addition strong Raman bands 
for Ni-aurichalcite are observed at 112, 148, 172 and 212 cm-1.  These bands are 
attributed to ONiO and OZnO bending vibrations.   Two intense bands are observed 
for natural aurichalcite at around 166 and 142 cm-1. These bands are assigned to the 
OCuO and OZnO bending vibrations.  
 
The Raman spectra of the OH stretching region of Ni-aurichalcite mineral is 
shown in Figure 6. Two broad and quite noisy bands are found at 3362 and 3559 cm-1. 
The low intensity bands at 2860, 2894 and 2926 cm-1 are assigned to CH stretching 
vibrations of an organic impurity. In the infrared spectrum (Figure 7) two bands are 
displayed at 3312 and 3392 cm-1. A comparsion may be made between the spectra of 
the hydroxyl stretching region of the synthetic N-aurichalcite and some selected 
natural aurichalcites. A single symmetric band is observed for the natural aurichalcite 
from Durango at 3338 cm-1 which may be compared with the value of 3348 cm-1 for 
the Arizona aurichalcite and 3355 cm-1 for the aurichalcite from Chihuahua. A 
comparison can be made with rosasite where two distinct bands are observed at 3387 
and 3319 cm-1. The bands are assigned to the OH stretching vibration. Bouchard and 
Smith reported a noticeably broad band in the Raman spectrum of aurichalcite at 3331 
cm-1 [40]. This value is in good agreement with the results reported in this work. In 
the infrared spectra, more complexity is observed.   Infrared bands for the Durango 
aurichalcite are observed at 3491, 3350, 3244 and a broad band at 3173 cm-1. The 
infrared spectrum of the sample from Chihuahua gave bands at 3359, 3249 and 3106 
cm-1. The broad band at around 3002 cm-1 may be ascribed to adsorbed water. The 
first two bands are assigned to OH stretching vibrations.   
 
Conclusions  
 
Raman spectroscopy complemented with infrared data, X-ray diffraction, 
electron microscopy and EDAX have been used to characterise the structure and 
chemical composition of a synthetic aurichalcite.  The spectra are correlated with the 
structure of the mineral. This compositional variation affects the Raman spectral 
profile. A cation subsitution reliance is observed for the hydroxyl stretching 
vibrational modes.  This is related to the hydrogen bond distances of the OH units and 
the adjacent carbonate units in the aurichalcite structure.  
 
The question arises as to why there are similar Raman spectral patterns for 
aurichalcite as compared with other hydroxy carbonate minerals such as hydrozincite 
and members of the rosasite mineral group.  The answer must infer that the minerals 
must have the same structure or at least related structures. Aurichalcite is monoclinic 
like malachite with point group 2/m.  The rosasite mineral group has spectra similar to 
that of malcachite. Therefore it can be suggested that the structure of the rosasite 
group of minerals is monoclinic, although at this point in time remains unproven.  
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This conclusion is in agreement with the assumptions of Anthony et al. who state that 
rosasite and related minerals have monoclinic structure by analogy with malachite [7].  
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List of Figures 
 
Figure 1 X-ray diffraction patterns of Ni doped aurichalcite 
 
Figure 2 Raman spectrum of Ni doped aurichalcite in the 900 to 1800 cm-1 region.  
 
Figure 3 Infrared spectrum of Ni doped aurichalcite in the 600 to 1200 cm-1 region.  
 
Figure 4 Infrared spectrum of Ni doped aurichalcite in the 1200 to 1800 cm-1 region.  
 
Figure 5 Raman spectrum of Ni doped aurichalcite in the 100 to 800 cm-1 region.  
 
Figure 6 Raman spectrum of Ni doped aurichalcite in the 2800 to 3800 cm-1 region.  
 
Figure 7 Infrared spectrum of Ni doped aurichalcite in the 2700 to 3700 cm-1 region.  
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